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polyacrylonitrile were prepared by using electrospinning technique, and thin
continuous gold films were coated on the polyacrylonitrile fibers surface through self-catalyzed reduction of
chloroauric acid in solution. The conductivities of the metallized fibrous mats were relatively high and
increased with the increase of deposited gold amount. When the metallized fibrous mats were thermally
treated at higher temperature, the morphology of the gold films on fibers surface changed, and the
morphology changes depended on not only the temperature but also the amount of gold deposited on the
fibers surface. Porous carbon fibers were obtained when the thermal treated gold-coated fibers were treated
with dilute aqua regia.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Gold nanostructures and assembled films have attracted a great
deal of attention because of their applications in catalysis, electronic
devices and photonic sensors [1–4]. Recently, they have been used as
plasmon resonance or surface-enhanced Raman (SER) spectroscopy
substrates, electrodes, catalyst, and patterns in microscale or nano-
scale structures [5–7]. The assembled gold films can be conveniently
fabricated on different substrates such as glass or other oxide surfaces,
silicon and polymers [8–10].

On the other hand, electrospinning technique has attracted more
attention because it is a simple and convenient method for generating
organic, inorganic and hybrid fiberswith diameters ranging from tens of
nanometers to several micrometers [11–19]. The collected electrospun
fibers have been used as template for fabricating micro-tube structures
of organic and inorganic materials [16]. However, there are few
literatures on themetallization of the electrospunorganicfibers [17–19].

In this paper, the continuous thin gold films are deposited on the
electrospun polyacrylonitrile (PAN) fibers to form the metallized
three-dimensional fibrous material with potential application in elec-
trodes or SER substrates. After the mats were thermally treated at
different temperatures, the morphology and the conductivity have
also been investigated.

2. Experimental procedure

PAN and sodium borohydride were purchased from Aldrich Com-
pany. The gold salt was synthesized by using the method of previous
86 351 7016358.
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literature [18], and other chemicals were reagent grade and used
directly.

The gold salt/PAN hybrid fibers were prepared by electrospinning
the mixture of PAN (90 mg), tetrabutylammonium bromide (10 mg)
and gold salt (10 mg) in 1.0 ml dimethylformamide. The electrospin-
ning potential was +13.7 kV, and the fibers were collected on the filter
paper placed upon the grounded aluminum foil below the nozzle tip
12 cm. In order to make the mats more uniform, the collector elec-
trode was often shifted during the process of electrospinning, and the
mats selected for metallized were cut from the central part of the
mats.

The procedure of preparing the gold-coated PAN fibers was similar
to that of previous literature [18]. The mixture of 0.1 mg/ml chlo-
roauric acid and 0.02 mg/ml NH2OH·HCl was used as electroless
plating solution. The samples prepared from 200, 400 and 600 ml
plating solution were defined as S1, S2 and S3, respectively.

The oxidative stabilization process was carried out by using a
conventional muffle furnace at 290 °C for 2 h in air. Thermal treatment
of the air-stabilized fibrous mats was performed at 600 and 900 °C,
under a high-purity argon atmosphere (99.999%) for 1.5 h, respec-
tively. After thermal treatment at 900 °C, the dilute aqua regia
(1.0 mol/L HNO3+3.0 mol/L HCl) was used to treat the gold-coated
fibers and carbon fibers prepared from pure PAN fibers.

UV–visible spectra were carried out on Hewlett Packard 8453E
single beam diode array recording spectrophotometer. XRD patterns
were recorded by using a Bruker D8 Advance X-ray diffractometer
from 10° to 80° (2θ) at the speed of 0.02°/s. Scanning electron micro-
graphs were taken out on amicroscope (LEO438VP, England) operated
at an accelerating voltage of 15 kV, and transmission electron
micrographs were carried out on a microscope (H-600-2, Hitachi).
The direct current conductivity was measured by conventional four-
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Fig. 1. (A) The TEM images of GNPs/PAN nanofibers and (B) the absorption spectra of the
gold salt/PAN nanofibers (a) and GNPs/PAN nanofibers (b).

Table 1
The conductivities of the metallized fibrous mats and carbon fibrous mats

Samples Conductivity (S/cm)

As
prepared

After oxidative
stabilization

After annealed
at 600 °C

After annealed
at 900 °C

S1 9.19×102 9.70×102 7.95×102 4.76
S2 4.59×103 7.40×103 3.21×104 18.5
S3 1.01×104 1.03×104 4.76×104 108.1
Carbon fibrous mat 9.31
Porous carbon
fibrous mat

7.21
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probe method. The thickness of the mats used for calculating the
conductivity was measured as an average one from more than seven
points.

3. Results and discussion

The typical TEM image of gold nanoparticles (GNPs)/PAN fibers is shown in Fig. 1A. It
can be seen that the diameters of the hybrid fibers range from ~600 nm to ~1000 nm, and
thediameters of theGNPs are about 10~15nm, and there is some aggregation between the
GNPs. The gold salt has an absorption peak at about 394 nm (Fig. 1B-a), while the
absorptionpeakof GNPsdispersed in PAN is located at about 528 nm (Fig.1B-b). According
to literature [9], the optical spectrum of spherical gold particles with an average size of
3.4 nm or higher is located at around 520 nm. When the GNPs are aggregated, the
absorption peak shifts to longer wavelength. The absorption peak located at 528 nm
indicates that there is slight aggregation between the GNPs. This result is consistent with
that of TEM.

Fig. 2A shows the SEM micrographs of S1 as prepared, it can be seen that the gold
particles have grown from 10~ 15 nm to about 100 nm, and they begin to form a
continuous gold layer on most of the fibers surface. When the mats are treated with
more plating solution (400 ml), more surfaces of the fibers in S2 are coated with more
than one layer of gold particles (Fig. 2B). As 600 ml plating solution is used (S3), the
compact continuous gold films with few defects have formed on the fibers surface, and
the gold particles grow up to 100~ 200 nm (Fig. 2C). The conductivity of the gold-
Fig. 2. The SEM images of the gold-coated fibers (A) S1, (B) S2 (the place marked by arrow
thermally treated S1, S2 and S3 at 600 °C, respectively (the places marked by arrows are th
coated fibrous mats is about 9.19×102 (S1), 4.59×103 (S2) and 1.01×104 S/cm (S3). The
gold-coated fibrous mats such as S2 and S3 show a typical golden-yellow reflecting
surface.

After oxidative stabilization, the diameters of gold-coated fibers and the structure
of gold films do not show apparent changes, except that some gold particles are
coalesced (SFig. 1). The conductivities of the samples increase slightly (Table 1). After
the air-stabilized fibrous mats are annealed at 600 °C, the conductivities of S2 and S3
increase while the conductivity of S1 decreases slightly (Table 1). Furthermore, there
are obvious structural changes observed for gold films coated on the fibers surfaces. For
S1, the thin gold films become incontinuous, and some parts of the fibers are encircled
by gold films while some parts of fibers are bare (Fig. 2D). This is possibly due to the fact
that the gold films deposited on the surface of S1 are not enough compact to form
continuous gold films which can cover the whole surface of the carbon fibers at 600 °C.
Besides, there are stronger cohesions among the gold particles than that between gold
particles and carbon substrate, so the GNPs coalesce together and leave some naked
carbon domains. The diameters of the carbon fibers are estimated to be 500~600 nm
from the bare parts of the fibers. For S2, there are more gold particles deposited on the
fibers' surface, and the gold particles coalesce together to form larger particles, at the
same time the diameter of fibers decreases, which leads to the formation of continuous
gold filmwith cracks (Fig. 2E). For S3, there aremore GNPs than S1 and S2, the gold films
can keep its structure at 600 °C although some large holes have formed on the gold
films because of the coalescence of the gold particles (Fig. 2F). In the previous result, the
gold fibers with smooth surface are formed when the gold-coated PMMA fibers are
thermally treated at 450 °C [18], but the smooth gold films are not formed when the
gold-coated PAN fibers are thermally treated at 600 °C because of the formation of
carbon fibers during the thermal treatment.

When the samples are annealed at 900 °C, the conductivities of the metallized
fibrous mats decrease dramatically (Table 1). Fig. 3A shows the typical TEM images of
S3, which have been annealed at 900 °C. From this figure we can find that the
shows a layer of gold particles below the surface layer), (C) S3, and D), E) and F) after
e uncovered carbon fibers (D), crack (E) and large hole (F)).



Fig. 3. The TEM images of S3 A) after thermally treated at 900 °C; B) after the gold was dissolved by aqua regia; C) The XRD patterns of (a) GNPs/PAN hybrid fibrous mats, (b) S3 as
prepared, (c) and (d) after thermally treated S3 at 600 and 900 °C, respectively.
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continuous gold films have been destructed, and gold particles with the size of
hundreds nanometers to micrometers are formed and dispersed separately on the
surface of the fibers, which leads to remarkable decrease of the conductivities of the
mats.When the gold is dissolved by dilute aqua regia, themicro pores ranging from tens
to hundreds nanometers are observed in the residual carbonaceous fibers (Fig. 3B). The
XRD patterns of the samples (Fig. 3C) show four diffraction peaks, corresponding to the
(111), (200), (220) and (311) planes of a face-centered cubic lattice of gold (PDF 4-784).
The intensity of (111) plane is much higher than that of other planes (Fig. 3C-b),
demonstrating that the (111) plane is the predominant orientation [20]. After the
samples are annealed at higher temperature, the ratio value between the intensities of
(200) and (111) diffraction peaks becomes close to that of bulk gold (Fig. 3C-c and d),
revealing that the (111) plane predominant orientation of the gold coating disappears
after thermal treatment.

4. Conclusion

The continuous gold films have been coated on the surface of
elecrospun PAN ultrafine fibers by using solution deposition method.
The conductivities of the metallized fibrous mats are relatively higher.
These metallized fibrous mats may be used as porous electrode for
catalysis or SER substrate.
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